Abstract. The cubic Galileon model containing the lowest non-trivial order action of the full Galileon action can produce the stable late-time cosmic acceleration. This model can have a significant role in the growth of structures. The signatures of the cubic Galileon model in the structure formation can be probed by the weak lensing statistics. Weak lensing convergence statistics is one of the strongest probes to the structure formation and hence it can probe the dark energy or modified theories of gravity models. In this work, we investigate the detectability of the cubic Galileon model from the ΛCDM model or from the canonical quintessence model through the convergence power spectrum and bi-spectrum.
Introduction
In literature, it is a well-known fact that the Universe is accelerating. This accelerating phase of the Universe is called late-time cosmic acceleration. Some observations like Supernova Type-Ia observations [1, 2] , cosmic microwave background observations [3] [4] [5] , baryon acoustic oscillations measurements [6, 7] confirm this fact. This acceleration can be explained by introducing an exotic matter called dark energy, which has negative pressure. The best possible simple dark energy model is the ΛCDM model. In this model at late time the Universe consists of cosmological constant, Λ (appx. 70% at present) and cold dark matter (CDM) component (appx. 30% at present) [5] . However, the ΛCDM model has some serious theoretical problem like the fine-tuning problem (If we consider energy density of the cosmological constant (Λ) as the vacuum energy density, then the theoretical value associated with the vacuum energy density is nearly 10 123 times the observed value of the energy density of the cosmological constant from different cosmological observations. this discrepancy is referred to the fine-tuning problem in the literature of cosmology.) and cosmic coincidence problem (The energy density of the cosmological constant is constant with the evolution of the Universe, whereas the energy density of the matter decreases with time. At present, the ratio of the energy densities of the cosmological constant and the matter is nearly 7 : 3 (from different cosmological observations) and the cosmological constant dominates over matter recently at z ≈ 0.3 − 0.5 (depending on the cosmological model parameters). The question is why the dominance of the cosmological constant over matter is at a particular redshift or why at present their ratio is comparable. This extreme coincidence is sometimes referred as the cosmic coincidence problem.) [9] . Despite these theoretical problems, although it is the best possible fit to the most of the cosmological observations, recently some observations [10] [11] [12] [13] suggest that it also has some inconsistencies to fit some data. This fact motivates us to go beyond the ΛCDM model. Another alternative to explain the cosmic acceleration is the dark energy with evolving equation of state such as quintessence [14] [15] [16] [17] [18] [19] [20] [21] etc. Although very few evolving dark energy models like tracker models [14, 15] can be free from the cosmic coincidence problem, the fine-tuning problem is not avoidable.
Another popular alternative to the dark energy models is the modified theory of gravity [24] [25] [26] [27] [28] , which can explain the late time cosmic acceleration. One of the modified theories of gravity is the Galileon gravity [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [46] [47] [48] [49] [50] [51] [52] . The Galileon theory is obtained by taking the decoupling limit of the Dvali-Gabadadze-Porrati (DGP) [54] . In Galileon theory modification to the general relativity arises through a Galileon invariant scalar field, called Galileon. It is invariant under the Galileon shift symmetry ∂ µ φ → ∂ µ φ + b µ in 4-D Minkowski spacetime where b µ is a constant vector. This Galileon shift symmetry confirms that the equation of motion remains second order in field derivatives despite the presence of the higher derivative terms in the action [29, 47, 52] and the Galileon theory is free from Ostrogradsky ghosts [55] . The Galileon theory is a subset of the general Horndeskii theory [56] . Although the shift symmetry breaks down in general cosmological metric like Friedmann-Robertson-Walker (FRW) metric, the equation of motion still remains second order by adding suitable couplings between Galileon derivatives and curvature tensors. Introduction of these types of coupling terms makes the modification to the general relativity highly non-trivial.
Due to the presence of such non-trivial terms, the modified theories of gravity possess the extra degree(s) of freedom which can affect the local physics which is extremely consistent with the general theory of relativity [57] . This extra degree of freedom is responsible for the 'fifth force'. This fifth force should be highly suppressed on the local scale such as in solar system as because on the local scale any modification to the Einstein's general theory of relativity is highly constrained [57] . The Vainshtein mechanism [58] is one of the mass screening methods which preserve the local physics in the modified theories of gravity models by suppressing the fifth force on local scales. In 1972 Vainshtein invented this method to address the van Dam-Veltman-Zakharov (vDVZ) discontinuity [59, 60] in the linear theory of massive gravity of Pauli-Fierz [61] . In general the Galileon gravity action contains five terms denoted by L 1 to L 5 . The Vainshtein mechanism is based on the term like L 3 = (∂ µ φ) 2 φ [45, 53] . This is the lowest non-trivial term required for the mass screening in Vainshtein mechanism. L 4 term can take part in the mass screening but does not introduce any new physics [45] . L 5 term does not contribute to the mass screening [45] . In this paper, we consider up to the third terms. In literature generally, this is called cubic Galileon model. The second term is the usual canonical kinetic term. The second and third terms together only cannot give stable late time acceleration [48] . In addition to the second and third terms, the first term which is linear in Galileon field can produce stable acceleration. So, in Galileon theory the cubic Galileon model has the lowest non-trivial action which can produce stable late-time cosmic acceleration [39] [40] [41] [42] [43] [44] [45] .
One of the major goals of the recent and upcoming high precision cosmological observations is to determine whether the late time cosmic acceleration is due to the ΛCDM model or any evolving dark energy model or any modified theory of gravity by studying the signatures of these models on both the background evolution of the Universe and the growth of the structures. Among these weak lensing experiments [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [82] [83] [84] [85] are particularly promising to determine the nature of dark energy. In this paper, we address the prospect of probing cubic Galileon model in light of the weak lensing measurements by convergence statistics. Weak lensing is the statistical measure of the image distortion effect of the distant background galaxies due to gravitational bending of light by the intervening large scale structures along the photon geodesic. The weak lensing around massive halos was first measured in the nineties [62, 63] but the first measurement of weak lensing due to large scale structures was done independently by four groups in 2000 [64] [65] [66] [67] . After that weak lensing become one of the strongest probes to the large scale structure formation. The main advantage of the weak lensing is that it solely depends on the underlying total matter-energy overdensity and hence complicated bias modeling can be avoided. Present Previously, in the literature, the effect of modified gravity has been studied in some particular models [113] [114] [115] [116] [117] [118] [119] [120] . In [113, 114] , weak lensing effect has been studied mainly in the f (R) gravity models. In [115] , signatures of the modified gravity models have been studied in general by introducing degeneracies in the modification to the gravity. In [116] modified gravity models have been studied in the model independent way in the context of weak lensing in the COSMOS survey. In [117] [118] [119] , f (R) gravity and DGP [54] type models have been investigated through weak lensing. In [120] , weak lensing has been studied in the context of scalar-tensor theories and f (R) gravity as a special case. However, scalar-tensor type theories have been ruled out by the GW170817 result [121] [122] [123] [124] from the speed of the propagation of the gravitational waves. This is because of the fact that the speed of the gravitational waves deviates from C when tensor modes are coupled with the other modes like in the nonminimally coupled scalar field models. Although the full Galileon gravity (due to L 4 and L 5 terms) is non-minimally coupled to gravity, the cubic Galileon gravity is minimally coupled. So, the cubic Galileon model is still interesting to study its signatures on the large-scale structure observables like in the weak lensing convergence power spectrum, bispectrum etc.
Keeping these facts in mind, in this paper we aim to detect the signatures of the cubic Galileon model from the ΛCDM model or from the quintessence models using weak lensing statistics. We work in the unit, C = = 1 and we consider (−,+,+,+) signature throughout the paper.
The paper is organised as: in section 2 we briefly discuss the action of the cubic Galileon model; in section 3 background evolution has been studied; in section 4 we discuss the evolution of the perturbation in the cubic Galileon model; in section 5 we present the signature of the cubic Galileon model on the convergence power spectrum and bi-spectrum; and finally, in section 6 we present our conclusion.
Action of the model
We consider cubic Galileon model to study the evolutionary history of the Universe. The action for the cubic Galileon field, φ is given by [39] [40] [41] [42] [43] [44] [45] 
where
φ. S m is the action for the matter counterpart, M pl is the reduced Planck mass, M is a mass dimensional constant, c , i s are dimensionless constants and g is the determinant of the metric describing the Universe. Note that full Galileon model has other two terms containing higher order derivatives of the Galileon field [46] [47] [48] [49] [50] [51] . Those two terms involve nonminimal coupling. But cubic Galileon model considered here has no non-minimal coupling.
Note that for the matter counterpart we take cold dark matter (CDM) and baryons together as the total matter. For simplicity we take c 2 = −1 and this choice does not change the essence of the cubic galileon model. We define 
2)
The purpose to write down the action (2.1) in the form given in equation (2.2) is that for β = 0 the action reduces to the standard quintessence action with linear potential [16] [17] [18] [19] [20] .
Background evolution
For the background evolution of the Universe, we consider flat FRW metric given by ds 2 = −dt 2 + a 2 (t)d r.d r where t is the cosmic time, r is the comoving coordinate vector and a is the cosmic scale factor. Varying the action (2.2) with respect to the metric the background Einstein equations become [39] [40] [41] [42] [43] 
where overdot is the derivative with respect to the cosmic time t, H is the Hubble parameter andρ m is the background matter energy density. The background Euler-Lagrangian equation for the Galileon field φ is given by [39] [40] [41] [42] [43] 
where subscript φ is the derivative with respect to the field φ. Note that for the simplicity of the notation we take same φ as the background field. To study the background evolution, in literature, it is a common practice to rewrite the above differential equations with an autonomous system of equations. To do so first we define some dimensionless background quantities given by [42, 43] 4) where N = lna is the e-folding. Note that the quantity x here is different from the coordinate x used in eq. (2.1). In the subsequent sections by x we mean the quantity defined in Eq. (3.4) . Using these quantities the autonomous system of equations become [42, 43] 
where we have changed the time derivative to the derivative with respect to N. By using proper initial conditions (which are discussed in the next subsection), we solve the abovementioned autonomous system of coupled differential equations to find the evolution of the background quantities. Now, having solutions of the autonomous system of equations in Eq. (3.5) and from the above-mentioned dimensionless quantities in (3.4), we get some important background quantities given below: [42, 43] 
, 6) where w φ is the equation of state of the Galileon field, Ω φ and Ω m are the energy density parameters of the Galileon field and total matter respectively, H is the Hubble parameter, H 0 and Ω
m are the present day Hubble and matter-energy density parameters respectively and z is the redshift.
Initial conditions
First of all we fix the initial conditions of all the four quantities (x, y, and λ in Eq. (3.5)) at redshift z = 1100 in early matter-dominated era. At this redshift, we can neglect any contribution from the dark energy. In literature, we generally consider two types of initial conditions for these types of cosmological models. One is the tracker condition [14, 15] and another is the thawing condition [16] [17] [18] [19] [20] [21] . In tracker models, the scalar field tracks the background initially and at late times the equation of state of the scalar field freezes to a constant value near to −1. In thawing class of models, the scalar field is initially frozen to a value w φ ≈ −1 due to the large Hubble friction in the early matter-dominated era. At late times the scalar field thaws away from its initial frozen state and the equation of state of the scalar field goes to higher values (w φ > −1) accordingly. In references [18, 22, 23] , we can see that for the polynomial potential of the form V (φ) ∝ φ n , to produce a tracker type initial condition n < 0 is required. To produce the thawing type of initial condition, we require n > 0. Since in our case n = 1, we restrict our analysis to the thawing type of initial condition. So, in our analysis we consider thawing class of initial conditions to solve the autonomous system of equations in Eq. (3.5). In the thawing class of initial conditions Galileon field has w φ ≈ −1 initially. It is possible for x << 1 which we can see through first line of Eq. (3.6); at x << 1,
So, we restrict ourselves as x i < 10 −2 . The subscript 'i' refers to the initial value of any quantity at z = 1100. Note that the evolution of the background quantities has no significant dependence on the x i parameter as long as x i << 1.
The initial condition in y can be transfered to the boundary condition in Ω φ through second line of Eq. (3.6). So, we find y i by solving back Ω (0)
The initial value of λ controls the initial slopes of the potential. For λ i << 1 the equation of state of the Galileon field does not deviate much from its initial value −1 i.e. it always stays very close to the cosmological constant behavior. For higher values of λ i , the Galileon field sufficiently thaws away from the cosmological constant behavior accordingly. So, in our analysis, we take a range of the λ i parameter as 0 ≤ λ i ≤ 1 for all the models. Finally, we vary the i parameter in the range given by 0 ≤ i ≤ 100. So, we have three parameters ( i , x i , and λ i ) in our case for the cubic Galileon model. Note that if we fix i = 0, the value of remains zero for the entire background evolution. So, the canonical quintessence model with linear potential is represented here by c 3 = α = β = i = = 0.
Behaviour of some background quantities
Before proceeding to the study of perturbation or structure formation, let us discuss some important background quantities.
In Fig. 1 we have plotted equation of state of the Galileon field. At sufficiently early time all the Galileon models have w φ = −1 and as time increases w φ increases towards non-phantom values. i = 0 model has the highest deviation from the ΛCDM model in the non-phantom side. The value of w φ decreses with increasing i . However, the value of w φ never goes to 1.015 the phantom side. As the parameter i increases, the cubic Galileon model gets closer to the ΛCDM model. But despite being increasing values of i , the cubic Galileon models remain non-phantom. So, the cubic Galileon model has always non-phantom behaviour.
In Fig. 2 we have shown Ω φ (z) vs. z plots. The right panel is the zoomed in version of the left panel for the redshift range 0.3 to 0.4. The horizontal green-dashed line has been drawn at 0.5 to show at which redshift the Galileon field starts to dominate over total matter. In the i = 0 model, the Galileon field dominates earliest over the matter components. Larger the i value later the domination of the Galileon field over matter. In Fig. 3 , we have plotted the deviations in the Hubble parameter from the ΛCDM model. Earlier the domination of the Galileon field over matter corresponds to the earlier domination of the accelerated phase of the expansion of the Universe. So, expansion of the scale factor relatively increases if the Galileon field dominates earlier. Since smaller i value corresponds to the earlier domination of the Galileon field, the i = 0 model has the maximum positive deviation in the Hubble parameter from the ΛCDM model. Larger the i value lower the deviation in the Hubble parameter. Since the cubic Galileon model always dominates earlier compared to the ΛCDM model irrespective to the value of i (in the other way it is always non-phantom), the value of the Hubble parameter in cubic Galileon model is always higher than the ΛCDM value.
So far we have analyzed the background dynamics by varying the i parameter only. To see how the background quantities change with the changes of the λ i and x i parameters, we have plotted H/H ΛCDM graphs again in Figs. 4 and 5.
In However, these changes are not so significant for the cubic Galileon models too because the changes are at the sub-percentage level.
In Fig. 5 we have shown the variation of the Hubble parameter with respect to the λ i values keeping i and x i fixed. Both for quintessence and cubic Galileon models, the Hubble parameter increases with increasing values of λ i . Another interesting point to notice that this increment is the highest for the quintessence model. The variation of the Hubble parameter with respect to λ i decrease with increasing values of i .
So, the dependency of the other background quantities on the x i and λ i parameters can be seen accordingly from the Figs. 4 and 5 respectively (using the discussions above). To avoid many plots, next, we shall show the x i and λ i parameters dependency only in the final result i.e. during the discussions of the deviation in the convergence power spectrum. In the meantime, we restrict our discussions and the plots only by varying the i parameter keeping x i = 10 −8 and λ i = 0.7 throughout.
Evolution of perturbations
In the quasi-static approximation (on sub-Hubble scale) to the full general relativistic perturbation, the linear evolution of the matter-energy density contrast has the standard form given by [39, 45] where
12A G with G being the Newtonian gravitational constant and A is given by [39, 45] 
where, B = 3 +Ḣ H 2 = 1.5(1 − w φ Ω φ ). The superscript 'qs' to the matter-energy density constrast (δ m ) refers to the fact that the Eq. (4.1) is valid in the quasi-static approximation.
Since there is no coupling between matter and Galileon field, it is expected that G ef f ≈ G. To show that G ef f is indeed nearly equal to G, in the left panel of Fig. 6 , we have plotted percentage deviation of G ef f from G. We can see that the deviations are less than 0.1%. This result proves that in our case, we can simply use the Newtonian perturbation theory to study the perturbation in the sub-Hubble limit. In the Newtonian perturbation theory, the evolution equation of the matter-energy density contrast is given by [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] In the right panel of Fig. 6 , we have plotted percentage deviation of δ qs m from δ N m to show again that we can safely take Newtonian perturbation theory in our case. The deviations are less than 0.01%. So, now onwards we shall use the Newtonian perturbation theory on the sub-Hubble scale and for simplicity, we omit the superscript 'N'.
The growing mode solution can be described by a quantity called growth function (D + ) which is defined as δ m (z) = D + (z)δ i m . Rewriting Eq. (4.3) with respect to N and using the definition of the growth function we get [88, 96] 
To solve the growing mode growth function we use the same initial conditions as in δ m i.e.
. In Fig. 7 we have plotted the percentage deviations in the growing mode linear growth function for the cubic Galileon models compared to the ΛCDM model. In this figure and in all the next figures, by the notation '%∆' we mean percentage deviation i.e. %∆Q =
× 100 for any quantity, Q and subscript 'G' corresponds to it's value in the cubic Galileon model. During structure formation, the overdense regions grow with time due to the gravitational attraction between matters. The Galileon field has the negative pressure which produces repulsive gravitational force. The presence of the Galileon field slows down the expansion rate of the overdense regions due to this repulsive gravitational force. For this reason, the model in which Galileon field dominates earlier has the smaller growth rate. That is why in Fig. 7 , we can see that the deviations in D + for the Galileon models are always negative compared to the ΛCDM model as because cubic Galileon models are always non-phantom. Since in the i = 0 model, the Galileon field dominates earliest over matter, 
Matter power spectrum
The matter power spectrum, P m is defined as
where, P in (k) = P lin (k, z in ) is the initial matter power spectrum and for simplicity we have omitted the subscript 'm'. In our analysis, we have kept all the background and perturbation normalizations in a way that at a sufficiently early time (in an early matter dominated era) all the quantities remain same. So, for the power spectrum calculation, we have also taken same initial power spectrum for all the models (which corresponds to the same A s value for all the models). Note that although in principle at the early time (at z = 1100) the power spectrum for all the models should differ, if we fix A s , the difference is highly insignificant (much less than sub-percentage level). So, we can safely take the form of the power spectrum as in Eq. (4.5). We compute initial matter power spectrum from CAMB [125] . In the CAMB we first compute linear matter power spectrum at redshift z = 0 using ΛCDM model for the cosmological parameters given by Ω b and H 0 are the present day total matter energy density parameter, baryonic matter energy density parameter and Hubble parameter respectively. n s be the scalar spectral index of the primordial perturbation. σ [5, 8] . After computing linear matter power spectrum at redshift z = 0, we use linear matter growth function for ΛCDM model to compute the matter power spectrum at initial time (z in = 1100). We use this initial matter power spectrum for all the models i.e. we consider same initial matter power spectrum for all the models.
In Fig. 8 , we have plotted percentage deviation in the matter power spectrum for cubic Galileon model with different i values compared to the ΛCDM model. The continuous lines are for the deviations in the linear matter power spectrum using Eq. (4.5). The dashed lines correspond to the deviations in the non-linear matter power spectrum. To compute the non-linear matter power spectrum we use HMCode ( [126] ) for the halofit ppf module in CAMB. The purpose to include the deviations in the non-linear matter power spectrum is that although in the non-linear regime the absolute value of the non-linear matter power spectrum deviates from the linear matter power spectrum, the deviations between two models remains similar (up to a percent only) both in the linear and non-linear matter power spectrum. The deviations in the matter power spectrum are always negative due to the same reason that Cubic Galileon model is always non-phantom irrespective of the value of i . The i = 0 model has the highest deviation from the ΛCDM model. Larger the value of i smaller the [126] . The behavior is consistent as in Fig. 7 at each redshift. The only difference is that the amplitude of the deviation in the matter power spectrum is roughly the twice the deviation in the growth function at each redshift accordingly.
deviations. Since linear matter power spectrum is proportional to the square of the linear matter growth functions, the deviations in the linear matter power spectrum are roughly twice the deviations in the linear matter growth functions. In this figure and in all the next figures (except for the Figs. 12 and 13) dashed lines correspond to the results involving non-linear matter power spectrum (computed by HMCode) replacing the linear matter power spectrum. The same color corresponds to the same model with continuous and dashed lines correspond to the results using linear and non-linear matter power spectrum respectively.
Matter bi-spectrum
The matter bi-spectrum, B is defined as <δ m (
. In the Newtonian approximation the tree-level matter bi-spetrum is given by [88, 96] 
where with the Einstein De-Sitter (EDS) approximation the F 2 is given by [88, 96] 
Due to the different mode couplings in different triangular shapes, the tree-level matter bi-spectrum is accurate on the scale where k < 0.1hM pc −1 . To increase the accuracy of the matter bi-spectrum in weakly non-linear or non-linear regime, we need high precision N-body simulations. However, to get a rough idea about the matter bi-spectrum on non-linear scales, we follow [97] (which is the improved version of [98] ). According to [97] , the effective matter bi-spectrum which is valid on both linear and non-linear scales given by
where P N L is the non-linear matter power spectrum and F ef f 2 is given by [97] 
where we can see F 2 in Eq. (4.7) gets modified byã,b andc factors which are given by [97] a(n, k) = 1 + σ
where n is the slope of the linear matter power spectrum at wavenumber k and it is given by [97] n
Q 3 , a function of n given by [97] 
q is defined as q ≡ k/k nl , where k nl is the scale up to which linear matter power spectrum is accurate enough and it is computed by [97] So, the tree-level matter bi-spectrum in Eq. (4.6) gets modified through two ways: one is simply replacing linear matter power spectrum with non-linear matter power spectrum and another is through the modification of F 2 denoted by F ef f 2 . For more details of the effective matter bi-spectrum, refer to [97] .
In Fig. 9 we plot deviations in the matter bi-spectrum for the cubic Galileon models compared to the ΛCDM model for the equilateral configuration (k 1 = k 2 = k 3 = k). For a particular color i.e. for a particular model the continuous and dashed lines correspond to the tree-level (using Eq. (4.6)) and effective (using Eq. (4.8)) matter bi-spectrum respectively. we can see that the changes in the deviations for effective matter bi-spectrum from the treelevel matter bi-spectrum is not significant (upto few percentage level). The deviation in the tree-level (or in the effective) matter bi-spectrum is the most for the i = 0 model and decreases with increasing i . The deviation in the tree-level matter bi-spectrum is roughly twice the deviation in the linear matter power spectrum because B tree contains P 2 lin terms in Eq. (4.6). Here also all the deviations are negative because cubic Galileon models are always non-phantom.
In Fig. 10 we have plotted percentage deviations in the matter bi-spectrum from the ΛCDM model at z = 0 similar to the top-left panel of the Fig. 9 but for two other triangular configurations. Left and right panels are for the folded (k 1 = 2k 2 = 2k 3 = k) and squeezed (k 1 = k 2 = 20k 3 = k) configurations respectively. The results are almost similar in the folded and squeezed configurations compared to the equilateral configuration.
Weak lensing statistics
In the context of the structure formation, matter power spectrum or any higher order statistical quantities like matter bi-spectrum, trispectrum etc. are not directly measurable. In literature among the different direct observational aspects, weak lensing statistics is an important application to probe the underlying matter distribution. Weak lensing is one of the strongest probes to the structure formation history of the Universe. Weak gravitational lensing is an intrinsically statistical measurement of the distortion effect of the images of the background galaxies due to the bending of light rays by matter along the line of sight between distant background galaxies and us. This image distortion effect is quantified by an important quantity called convergence. The convergence, κ can probe the underlying matter distribution (δ m ) and it is thus defined as [99] [100] [101] [102] 
where the integration is along the line of sight with a weight function denoted by W (χ).n is the direction in which we measure the distortion effect and χ is the comoving distance. Note that the above equation is valid in the weak lensing limit and in the Newtonian perturbation theory. The weight function W at a particular comoving distance (or at a particular redshift) is given by [99] [100] [101] [102] 
where g is given by [99] [100] [101] [102] 
In literature g(z)/χ(z) is called the geometric lensing efficiency factor. Here n(z) is the source distribution function. It is normalized by the condition ∞ 0 n(z)dz = 1. We consider a particular source distribution given by [96, [99] [100] [101] [102] n(z) = (
where the normalization condition ∞ 0 n(z)dz = 1 has been used. And we consider b 1 = 2, b 2 = 1.5 and z 0 = 0.9/1.412 which are similar to the Euclid Survey [107] [108] [109] [110] .
Convergence power spectrum
The convergence power spectrum, P κ is defined as (assuming statistical isotropy)
where κ lm is the fourier transform of κ(n, χ) in the multipole (l,m) space and it is given by 6) where Y lm are the spherical harmonics. In the Newtonian perturbation theory and using the Limber approximation the convergence power spectrum becomes [99] [100] [101] [102] [103] [104] 
In Fig. 11 we have plotted percentage deviations in the convergence power spectrum for the cubic Galileon models from the ΛCDM model. The same color corresponds to the same value of i whereas continuous and dashed lines correspond to the computation of the convergence power spectrum by using linear and non-linear power spectrum respectively in Eq. (5.7). As because cubic Galileon models are always non-phantom, the deviations here are always negative similar to the previous results. The deviation is the largest for the i = 0 model. The deviation decreases with increasing i . Note that the deviations increase with increasing l. This is because of the fact that different dark energy models have different comoving distance at a fixed redshift. So, in the argument of the power spectrum same k corresponds to the different l at a particular redshift for different dark energy models. For this reason, the scale dependency arises in the deviations in the convergence power spectrum although there is no scale dependency in the deviations in the matter power spectrum. Now, smaller comoving distance corresponds to lesser the intervening matter components and hence lesser the intervening matter energy density. Hence weak lensing signal reduces. Since cubic Galileon model is always non-phantom the weak lensing signal is less in this model compared to the ΛCDM model. So, the deviations in the convergence power spectrum increase in the negative y-axis with increasing l. We can notice that the deviations between linear and non-linear results are accurate enough (less than a percent) up to a scale l = 10 3 . Note that the deviations in the background (for example Hubble parameter) as well as the perturbation (for example matter power spectrum) quantities in each value of redshift added up in the deviations of the convergence power spectrum. This can be seen from the fact that the integration in Eq. (5.7) with respect to the redshift can be considered as the summation of the integrand over all the redshift bins with very small redshift interval. So, the deviations in the convergence power spectrum significantly increase from the deviations in the Hubble parameter, matter power spectrum (etc at a fixed redshift). This argument is also true for the convergence bispectrum which will be discussed in the next subsection.
In Figs. 12 and 13, we have shown the x i and λ i parameters dependency on the convergence power spectrum. From Figs. 3 and 11 , we know that the positive deviations in the Hubble parameters correspond to the negative deviation in the convergence power spectrum. More the positive deviations in the Hubble parameters more the negative deviation in the convergence power spectrum. This fact is reflected in Figs. 12 and 13 according to the Figs. 4 and 5 respectively.
To summarize, the convergence power spectrum decreases with increasing x i (except esting point is that the dependency of the deviations on the λ i parameter decreases with the increasing values of i .
Convergence bi-spectrum
The convergence bi-spectrum is defined as [99, 101, 105, 106] 
is the Wigner 3-j symbol. In the above definition B κ
is the full sky convergence bi-spectrum and it is related to the flat sky convergence bi-spectrum given by [105] In the Newtonian perturbation theory and using the Limber approximation, convergence bi-spectrum becomes [99, 101, 105, 106] 
with l 1 + l 2 + l 3 = 0.
In Fig. 14 percentage deviations in the convergence bi-spectrum from the ΛCDM model has been plotted using equation (5.10) for the equilateral (l 1 = l 2 = l 3 = l), folded (l 1 = 2l 2 = 2l 3 = l) and squeezed (l 1 = l 2 = 20l 3 = l) configurations respectively. First of all note that since we have compared the results between two dark energy models, the results are exactly same for both the flat sky and full sky convergence bi-spectrum. The same color corresponds to the same value of i . The continuous lines correspond to the results of using the tree-level matter bi-spectrum of Eq. are always non-phantom, the deviations are always negative as consistant to the previous results. The deviations in the convergence bi-spectrum increase with increasing l because of the same reason mentioned before (in the discussion of the deviations in the convergence power spectrum). The deviation is the most for i = 0 and decreases with increasing i . Here also we can see that the linear and non-linear results are less than percentage level up to l = 10 3 scale. We have not explicitly shown the dependency of the convergence bispectrum on x i and λ i parameters as because of the dependency will be similar as in the case of the convergence power spectrum. Only the amplitudes of the deviations in the convergence bispectrum increases compared to the deviations in the convergence power spectrum (which can be seen from the above discussions).
Chi-square analysis
The statistical error in the convergence power spectrum is given by [76, 81, 82] 
where f sky is a fraction of the sky covered by a given survey. In the right-hand side, the last term corresponds to the shot noise term. < γ 2 int > 1/2 corresponds to the intrinsic galaxy ellipticity.n is the average number of galaxies per steradian for the ellipticity measurement.n can be expressed asn = 3600( 180 π ) 2 n θ [111] [112] [113] , where n θ being the total number of galaxies per arcmin 2 . Here, we consider the Euclid configurations given by f sky = 0.364 [107, 111] , < γ 2 int > 1/2 = 0.22 [111] [112] [113] , and n θ = 30 citeppwlnew1,pwlnew2. From Eq. (5.11), we can calculate the theoretical error associated with the convergence power spectrum for a particular model in a particular survey. Now, we take ΛCDM as a fiducial model and compute the error associated with the convergence power spectrum in l-bins. From Fig. 11 , we have seen that the deviations in the convergence power spectrum between different models are less than 1% for nonlinear vs. linear results. So, to make l-bins, we restrict our analysis to l max = 1000 to work in the linear theory during the χ 2 -analysis. For the minimum value, we put l min = 10. We avoid the regime l < 10 to reduce the effect of the cosmic variance in the χ 2 -analysis. For the l-bins, we consider ∆ log l = 0.2 [107] . These l intervals correspond to the 24 l-bins in the regime 10 ≤ l ≤ 1000. Finally, we compute simulated data for the errors in the convergence power spectrum for each l-bin using ΛCDM as the fiducial model. Now, we define χ 2 as 12) where i , λ i , and x i are the cubic Galileon model parameters, discussed in the text. The superscripts 'gal' and 'ΛCDM' correspond to the cubic Galileon and ΛCDM models respectively. We use publicly available codes PyMultinest (Multinest algorithm [127, 128] ) and getdist plot to draw the 1-σ and 2-σ contour plots from Eq. (5.11). To do the χ 2 -analysis, we vary the parameters in the ranges given by 0 ≤ i ≤ 100, 0 ≤ λ i ≤ 1, and 10 −10 ≤ x i ≤ 10 −2 respectively. In Fig. 15 , we have shown the triangle plot with the 1-σ and 2-σ confidence intervals for the three parameters i , λ i , and x i respectively. In Fig. 16 , we have plotted the same confidence intervals as in Fig. 15 to show the contours seperately with zoomed in version.
From the left panel of Fig. 16 it is clear that the confidence regions do not depend on x i significantly as long as x i 1. However, the higher values of x i (where x i is comparable to 1) are out of the 1-σ confidence contour. This is because as we increase the value of x i , the cubic Galileon model deviates more from the ΛCDM model (except = 0). This result is consistent with Figs. 4 and 12 . One other point to notice that < 5 region is outside of the 1-σ contour.
The right panel of Fig. 16 is comparatively more important. In this plot, we can see that the models with higher values of λ i are outside of the 1-σ contour for the lower values of i . So, the quintessence model can be significantly distinguished from the cubic Galileon model for the higher values of λ i (at least by the 1-σ confidence). This is because as we increase the value of λ i , the quintessence model deviates more from the ΛCDM model compared to the cubic Galileon model. This result is consistent with Figs. 5 and 13. So, larger the value of λ i smaller the allowed region for the models with smaller i values. 0.0 0.3 0.6 0.9 λ i Figure 15 . Triangle plot. 1-σ and 2-σ confidence contours in the triangle plot in all the three parameters ( i , λ i , and x i (actually log 10 (x i ))) from the χ 2 -analysis given by Eq. (5.12). The main result is that the higher values of λ i are less allowed as we take ΛCDM as the fiducial model. So, in conclusion, the quintessence, and the cubic Galileon models can be distinguished in 1-σ confidence by only a simple χ 2 -analysis. However, the full χ 2 -analysis with tomographic weak lensing statistics and with the other data can put stringent constraints on the i parameter.
Conclusion
We have considered lowest non-trivial order action of the full Galileon action i.e. the cubic Galileon model to study the late-time cosmic acceleration. We have studied the signature of the cubic Galileon model on the growth of the structures through the convergence power spectrum and bi-spectrum.
The deviations in the convergence power spectrum are 2.5 to 5% at l = 10 2 for the cubic Galileon models from the ΛCDM model. The deviations increase with increasing l. To compute the convergence power spectrum we have considered both the linear and non-linear matter power spectrum and the differences in the results are less than 1% up to l = 10 3 . The linear results are very accurate up to the scale l ≈ 10 2 . The deviations in the convergence bi-spectrum are 4 to 8% at l = 10 2 for the cubic Galileon models from the ΛCDM model for the equilateral configuration. The results are almost similar for the folded and squeezed configurations. The deviations increase with increasing l. To compute the convergence bi-spectrum we have considered both the tree-level and the effective non-linear matter bi-spectrum and the differences in the two results are sub-percentage up to the scale l = 10 3 .
The quintessence model can be significantly distinguished from the cubic Galileon model for the higher values of λ i (higher values of the initial slopes of the potential).
In summary, future high precision cosmological observations like DES, LSST, Euclid, WFIRST etc. can decisively detect the cubic Galileon models from the ΛCDM model or from the quintessence models through the measurements of the convergence power spectrum and bi-spectrum.
